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Abstract. We present a comparative confrontation of both the Bose-Einstein
Condensate (BEC) and the Navarro-Frenk-White (NFW) dark halo models with
galactic rotation curves. We employ 6 High Surface Brightness (HSB), 6 Low
Surface Brightness (LSB), and 7 dwarf galaxies with rotation curves falling into
two classes. In the first class rotational velocities increase with radius over the
observed range.The BEC and NFW models give comparable fits for HSB and
LSB galaxies of this type, while for dwarf galaxies the fit is significantly better
with the BEC model. In the second class the rotational velocity of HSB and
LSB galaxies exhibits long flat plateaus, resulting in better fit with the NFW
model for HSB galaxies and comparable fits for LSB galaxies. We conclude
that due to its central density cusp avoidance the BEC model fits better dwarf
galaxy dark matter distribution. Nevertheless it suffers from sharp cutoff in larger
galaxies, where the NFW model performs better. The investigated galaxy sample
obeys the Tully-Fisher relation, including the particular characteristics exhibited
by dwarf galaxies. In both models the fitting enforces a relation between dark
matter parameters: the characteristic density and the corresponding characteristic
distance scale with an inverse power.
1. Introduction
The visible part of most galaxies is embedded in a dark matter (DM) halo of yet
unknown composition, observable only through its gravitational interaction with
the baryonic matter. Assuming the standard ΛCDM cosmological model, the
Planck satellite measurements of the cosmic microwave background anisotropy power
spectrum support 4.9% baryonic matter, 26.8% DM, and 68.3% dark energy in the
Universe [1, 2].
Investigation of mass distribution of spiral galaxies is an essential tool in the
research of DM. Beside the stellar disk and central bulge, most of the galaxies harbour
a spherically symmetric, massive DM halo, which dominates the dynamics in the
outer regions of the stellar disk. Nevertheless there are examples of galaxies which at
larger radii are better described by a flattened baryonic mass distribution (global disk
model) [3].
Several DM candidates and alternatives have been proposed, the latter assuming
Einsteins theory of gravity breaking down on the galactic scale and above ( [4–12]). In
brane-world and f(R)-gravity models, the galactic rotation curves could be explained
without DM ( [13–16]).
At this moment there are strong experimental constraints for all proposed dark
matter candidates. Supersymmetric dark matter has been strongly constrained by
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LHC [17, 18], sterile neutrinos disruled with 99% confidence level by IceCube [19],
Weekly Interacting Massive Particles (WIMPs) severely bounded by the LUX [20],
PandaX-II [21] and Xenon100 [22] experiments. Extra dimensional effects as dark
matter substitutes have been also contained by LHC [23]. Massive Compact Halo
Objects (MACHOs) with masses below 20 solar masses have been shown to give
at most 10% of dark matter by microlensing experiments on the Large Magellanic
Cloud [24]. There is still hope for larger mass MACHOs as dark matter candidates,
revived after the spectacular first direct detection of gravitational waves [25], sourced
by black holes of approximately 30 solar masses.
It is well known that hot dark matter (HDM) consisting of light (m ∝ eV)
particles cannot reproduce the cosmological structure formation, as they imply that
the superclusters of galaxies are the first structures to form contradicting CMB
observations, according to which superclusters would form at the present epoch [26].
Warm dark matter (m ∝ keV) models seem to be compatible with the astronomical
observations on galactic and also cosmological scales [27, 28]. Leading candidates
for warm dark matter are the right handed neutrinos, which in contrast with their
left handed counterparts do not participate in the weak interaction. The decay
of these sterile neutrinos produces high amount of X-rays, which can boost the
star formation rate leading to an earlier reionization [29]. The existence of sterile
neutrinos was however severely constrained by recent IceCube Neutrino Observatory
experiments [30]. Cold dark matter (CDM) also shows remarkably good agreement
with observations over kpc scales ( [31, 32]). Particular CDM candidates, like
neutralinos (which are stable and can be produced thermally in the early Universe)
and other WIMPs originating in supersymmetric extensions of the Standard Model
were severely constrained by recent LHC results, rendering them into the range
200GeV . mn . 500GeV [33]. In a Higgs-portal DM scenario the Higgs boson
acts as the mediator particle between DM and Standard Model particles, and it
can decay to a pair of DM particles. Very recent constraints established by the
ATLAS Collaboration on DM-nucleon scattering cross section impose upper limits
of approximately 60 GeV for each of the scalar, fermion and vector DM candidates
(see Fig. 4 of Ref. [34]), within the framework of this scenario. While MACHOs of
masses less then 10 solar masses (like white dwarfs, neutron stars, brown dwarfs and
unassociated planets, primordial black holes in the astrophysical mass range) were
disruled either by Big Bang Nucleosynthesis constraints or microlensing experiments
as dominant DM candidates, primordial black holes with intermediate mass could still
be viable candidates [35, 36].
Large N-body simulations (e.g. [37]) performed in the framework of the ΛCDM-
model (Λ being the cosmological constant) were compatible with CDM halos with
central density cusps [38]. They are modeled by the Navarro-Frenk-White (NFW)
DM density profile ρNFW (r) = ρs/(r/rs)(1 + r/rs)
2, where rs is a scale radius and
ρs is a characteristic density. Some observations support such a steep cuspy density
profile [39, 40], nevertheless certain high-resolution rotation curves instead indicate
that the distribution of DM in the centres of DM dominated dwarf and Low Surface
Brightness (LSB) galaxies is much shallower, exhibiting a core with nearly constant
density [41]. In turn, the baryonic matter distribution may also affect the DM density
profile. As shown in [42] a dark matter core within an isolated, initially cuspy dark
matter halo may form due to strong supernova feedback. By contrast, adiabatic
contraction of baryonic gas tends to produce even cuspier dark matter halos [43].
The surface number-density profiles of satellites decline with the projected
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distance as a power law with the slope (−2)÷ (−1.5), while the line-of-sight velocity
dispersions decline gradually [44]. These observations support the NFW model on
scales of 50÷ 500 kpc.
In a cosmological setup various scalar field DMmodels were also discussed ( [45,52]
and references therein). A particular scalar field DM model describes light bosons in
a dilute gas. The thermal de Broglie wavelength of the particles is λT ∝ 1/
√
mT ,
which can be large for light bosons (m <eV) and for low temperature. Below a
critical temperature (Tc), the bosons’ wave packets, which are the order of λT overlap,
resulting in correlated particles. Such bosons share the same quantum ground state,
behaving as a Bose-Einstein condensate (BEC), characterized by a single macroscopic
wave function. It has been proposed that galactic DM halos could be gigantic
BECs [46].
It has been shown that caustics of ring shape appear in rotating BEC models,
which have an effect on rotation curves, by causing bumps [47, 48]. Such ring shaped
caustics degenerate into the origin in the non-rotating BEC limit, adopted in this
paper.
The self gravitating condensate is described by the Gross-Pitaevskii-Poisson
equation system in the mean-field approximation [49], [50], [51], [10]. In the Thomas-
Fermi approximation, a 2-parameter (mass m and scattering length a) density
distribution of the BEC halo is obtained [see Eq. (3) below], which is less concentrated
towards the centre as compared to the NFW model, relaxing the cuspy halo problem.
In model [53] where a normal dark matter phase with an equation of state
P = ρc2σ2tr condensed into a BEC with self-interaction (σtr = 0.0017 being the
one-dimensional velocity dispersion and c the speed of light), the stability of the
BEC halo depends on the particle mass and scattering length. For a given mass the
stability occurs for larger scattering length and for given scattering length the stability
appears at smaller mass. For the scattering lengths: a = 103 fm, a = 10−14 fm and
a = 10−55 fm the mass of the BEC particle arises as m > 1 eV, m > 2× 10−6 eV and
m > 4.57×10−20 eV, respectively. Galactic size stable halos can form with m > 10−24
eV (Fig. 3 in Ref. [54]).
A stable BEC halo can form as a result of gravitational collapse [55]. The model
has been tested on kpc scales confronting it with galactic rotation curve observations
[10]. It was pointed out by [57] that the effects of BEC DM should be seen in the matter
power spectrum if the boson mass is in the range 15 meV < m < 35 meV and 300 meV
< m < 700 meV for the scattering lengths a = 106 fm and a = 1010 fm, respectively.
In Ref. [56] the authors showed that the observed collisional behaviour of DM in the
Abell 520 cluster can also be recovered within the framework of the BEC model. All
of the mentioned BEC particle masses are consistent with the limit m < 1.87 eV
imposed from galaxy observations and N-body simulation [58]. A discrepancy was
however pointed out between the best fit density profile parameters derived from the
strong lensing and the galactic rotational curves data. As a conclusion the BEC halo
should be denser in lens galaxies than in dwarf spheroidals [59].
In this work we critically examine the BEC model as a possible DM candidate
against rotation curve data, pointing out both advantages and disadvantages over the
NFW model. Previous studies on the compatibility of the BEC model and galactic
rotation curves were promising, but relied on a less numerous and less diversified set
of galaxies then employed here ( [60], [61]). The paper has the following structure.
The basic properties of the BEC DM model are reviewed in Section 2. In Section 3
a comparison is made between the theoretical predictions of the BEC model and the
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observed rotation curve data of three types of galaxies, the High Surface Brightness
(HSB), LSB and dwarf galaxies. The conclusions are presented in Section 4.
2. The Bose-Einstein condensate galactic dark matter halo
An ideal, dilute Bose gas at very low temperature forms a Bose-Einstein condensate
in which all particles are in the same ground state. In the thermodynamic limit, the
critical temperature for the condensation is Tc = 2pi~
2 (n/ζ)3/2 /mkB [62]. Here n
and m are the number density and the mass of the bosons, respectively, ζ = 2.612
is a constant, while ~ and kB denote the reduced Planck and Boltzmann constants,
respectively. Atoms can be regarded as quantum-mechanical wave packets of the order
of their thermal de Broglie wavelength λT =
√
2pi~2/ (mkBT ). The condition for the
condensation T < Tc can be reformulated as l < λT /ζ
−1/3, where l is the average
distance between pairs of bosons, and it occurs when the temperature, hence the
momentum of the bosons, decreases and as a consequence their de Broglie wavelengths
overlap. The thermodynamic limit is only approximately realized, the finite size giving
corrections to the critical temperature [63–66]. A dilute, non-ideal Bose gas also
displays BEC, on the other hand, the condensate fraction is smaller than unity at zero
temperature and the critical temperature is also modified [67–70]. Experimentally,
BEC (which could be formed by bosonic atoms, but also form fermionic Cooper pairs)
has been realized first in 87Rb [71–73], then in 23Na [74, 75], and in 7Li [76].
In a dilute gas, only two-particle interactions dominate. The repulsive, two-body
interparticle potential is approximated as Vself = λδ (r− r′), with a self-coupling
constant λ = 4pi~2a/m, where a is the scattering length. Then in the mean-field
approximation (in case when we neglect the contribution of the excited states) the
BEC is described by the Gross-Pitaevskii equation [49–51]:
i~
∂
∂t
ψ(r, t) =
[
− ~
2
2m
∆+ Vselfgrav (r) + λρ (r, t)
]
ψ(r, t) , (1)
where ψ(r, t) is the wave function of the condensate and ∆ is the 3-dimensional
Laplacian. The probability density ρ (r, t) = |ψ(r, t)|2 is normalized to
n0 (t) =
∫
drρ (r, t) , (2)
where n0 (t) is the number of particles in the ground state and ρ (r, t) the
number density of the condensate. The potential Vselfgrav (r) /m is the Newtonian
gravitational potential produced by the Bose-Einstein condensate.
Stationary solutions of the Gross-Pitaevskii equation can be found in a simple
way by using the Madelung representation of complex wave-functions [77, 78], then
deriving the Madelung hydrodynamic equations [77]. Madelung’s equations can be
interpreted as the continuity and Euler equations of fluid mechanics, with quantum
corrections included. However, the quantum correction potential in the generalized
Euler equation contributes significantly only close to the boundary of the system [79].
In the Thomas-Fermi approximation the quantum correction potential is neglected
compared to the self-interaction term. This approximation becomes more accurate as
the particle number increases [80].
Assuming a spherically symmetric distribution of the condensate the following
solution was found [10, 79]:
ρBEC (r) = ρ
(c)
BEC
sin kr
kr
, (3)
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where ρBEC = mρ (r) and
k =
√
Gm3
~2a
. (4)
The central density ρ
(c)
BEC ≡ ρBEC (0) is determined from the normalization condition
(2) as
ρ
(c)
BEC =
n0mk
3
4pi2
. (5)
The Thomas-Fermi approximation remains valid for n0 ≫ 1/ka [79].
The BEC galactic DM halo’s size is defined by ρ(RBEC) = 0, giving k = pi/RBEC ,
i.e.
RBEC = pi
√
~2a
Gm3
. (6)
The mass profile of the BEC halo is then given as
mBEC(r) = 4pi
∫ r
0
ρBEC(r)r
2dr
=
4piρ
(c)
BEC
k2
r
(
sin kr
kr
− cos kr
)
. (7)
The BEC halo contributes to the velocity profile of the particles which are moving on
circular orbit as dictated by the Newtonian gravitational force [10]. This can be taken
into account by the following equation:
v2 (r) =
4piGρ
(c)
BEC
k2
(
sin kr
kr
− cos kr
)
, (8)
which needs to be added to the baryonic contribution respectively.
3. Confronting the model with rotation curve data
The validity of our model was tested by confronting the rotation curve data of a
sample of 6 HSB, 6 LSB and 7 dwarf galaxies, with both the NFW DM and the BEC
density profiles. For reasons to become obvious during our analysis, we split both the
HSB and LSB data sets into two groups (type I. and II.), based on the shapes of the
curves. In the first group the rotational velocities increase over the whole observed
range, while in the second set the rotation curves exhibit long flat regions.
The commonly used NFW model has the mass density profile
ρNFW (r) =
ρs
(r/rs) (1 + r/rs)
2 , (9)
where ρs and rs are a characteristic density and distance scale, to be determined from
the fit.
The mass within a sphere with radius r = yrs is then given as
mNFW (r) = 4piρsr
3
s
[
ln(1 + y)− y
1 + y
]
(10)
where y is a positive dimensionless radial coordinate.
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Figure 1. Best fit curves for the HSB I. galaxy sample where the solid black
lines hold for the baryonic matter + BEC model, while the dashed red lines refer
to the baryonic matter + NFW model.
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Figure 2. Best fit curves for the HSB II. galaxy sample. The solid black lines
hold for the baryonic matter + BEC model, while the dashed red lines for the
baryonic matter + NFW model. The BEC model does not describe well the
extended flat regions.
Galaxy D I0,b n r0 rb I
HSB
0,d h
HSB
Mpc mJy/arcsec
2
kpc kpc mJy/arcsec
2
kpc
ESO215G39 61.29 0.1171 0.6609 0.78 2.58 0.0339 4.11
ESO322G77 38.19 0.1949 0.7552 0.33 1.37 0.0744 2.20
ESO509G80 92.86 0.2090 0.7621 1.10 4.69 0.0176 11.03
ESO323G25 59.76 0.1113 0.4626 0.43 0.99 0.0825 3.47
ESO383G02 85.40 0.6479 0.7408 0.42 1.94 0.5118 3.82
ESO446G01 98.34 0.2093 0.8427 1.28 6.33 0.0357 5.25
Table 1. The distances (D) and the photometric parameters of the 6 HSB galaxy
sample as determined by the fit with available photometric data [83]. Bulge
parameters: the central surface brightness (I0,b), the shape parameter (n), the
characteristic radius (r0) and radius of the bulge (rb). Disk parameters: central
surface brightness (IHSB0,d ) and length scale (h
HSB) of the disk.
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3.1. HSB galaxies
In this subsection we will follow the method described in [15]. In a HSB galaxy
the baryonic component was decomposed into a thin stellar disk and a spherically
symmetric bulge. It was assumed that the mass distribution of bulge component
follows the de-projected luminosity distribution with a factor known as the mass-to-
light ratio. The bulge parameters were estimated from a Se´rsic r1/n bulge model,
which was obtained by the fitting of the optical I-band galaxy light profiles.
Each galaxy’s spheroidal bulge component has a surface brightness profile which
is described by a generalized Se´rsic function [81]
Ib(r) = I0,b exp
[
−
(
r
r0
)1/n]
, (11)
wherein I0,b is the central surface brightness of the bulge, r0 is the characteristic radius
of the bulge and the magnitude-radius curve’s shape parameter is denoted by n.
The mass-to-light ratio for the Sun is γ⊙ = 5133 kg W
−1. The mass-to-light
ratio of the bulge σ will be given in units of γ⊙ (solar units). We will also give the
mass in units of the solar mass M⊙ = 1.98892× 1030 kg. We assume that the radial
distribution of visible mass follows the radial distribution of light derived from the
bulge-disk decomposition. Accordingly the mass of the bulge inside the projected
radius r can be derived from the surface brightness observed within this radius:
mb(r) = σ
N (D)
F⊙
2pi
r∫
0
Ib(r)rdr,
where F⊙ (D) is the apparent flux density of the Sun at a distance D Mpc, F⊙ (D) =
2.635× 106−0.4f⊙ mJy , with f⊙ = 4.08 + 5 lg (D/1 Mpc) + 25 mag, and
N (D) = 4.4684× 10−35D−2 m−2 arcsec2. (12)
The rotational velocity related to the bulge
v2b (r) =
Gmb(r)
r
, (13)
where G is the gravitational constant.
In case of a spiral galaxy, the radial surface brightness profile of the disk, decreases
exponentially as a function of the radius [82]
Id(r) = I
HSB
0,d exp
(
− r
hHSB
)
, (14)
where IHSB0,d is the central surface brightness of the disk and h
HSB is a characteristic
disk length scale. The disk contributes to the circular velocity as follows ( [82])
v2d(x) =
GMHSBD
2hHSB
x2(I0K0 − I1K1), (15)
where x = r/hHSB and In and Kn are the modified Bessel functions evaluated at x/2,
while MHSBD is the total mass of the disk.
Accordingly in a HSB galaxy the rotational velocity adds up as
v2tg(x) = v
2
b (x) + v
2
d(x) + v
2
DM (x) . (16)
In order to validate the BEC+baryonic model, we confront it with rotation curve
data of 6 well-tested galaxies (which were already employed in [15] for testing a brane-
world model). The data was obtained from a sample given in [83], and meets the
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Galaxy σ(BEC) MHSBD (BEC) RBEC ρ
(c)
BEC χ
2
min (BEC) σ(NFW) M
HSB
D (NFW) rs ρs χ
2
min(NFW) 1σ
⊙ 1010M⊙ kpc 10−21kg/m3 ⊙ 1010M⊙ kpc 10−24kg/m3
ESO215G39 0.3 5.61 3.8 2.0 23.07 0.6 3.84 187 14.7 22.22 34.18
ESO322G77 1.6 5.1 0.8 89.0 9.15 2.5 3.79 709 8 7.69 11.53
ESO509G80 1.4 48.74 9.7 1.2 12.52 0.9 11 22 800 33.48 36.3
ESO323G25 2.5 12.18 2.5 11.8 222.74 6 9.43 436 6 80.55 66.74
ESO383G02 0.13 8.77 3.0 5.7 48.83 1.7 6.32 459 4.2 23.3 47.9
ESO446G01 0.6 12.77 4.6 5.9 86.02 1.4 6.7 786 4.1 43.37 44.74
Table 2. The best fit parameters and the minimum values (χ2min) of the
χ2 statistics for the HSB I and II galaxies (the first and last three galaxies,
respectively). Columns 2-5 give the BEC model parameters (radius RBEC
and central density ρ
(c)
BEC
of the BEC halo) and the corresponding baryonic
parameters (mass-to-light ratio σ (BEC) of the bulge and total mass of the disk
MHSB
D
(BEC)). Columns 7-10 give the NFW model parameters (scale radius
rs and characteristic density ρs of the halo) and the corresponding baryonic
parameters (mass-to-light ratio σ (NFW ) of the bulge and total mass of the disk
MHSBD (NFW )). The 1σ confidence levels are shown in the last column (these
are the same for both models). For HSB I galaxies the two models give similar
χ2min values (within 1σ confidence level), however in case of HSB II galaxies with
extended flat regions, the NFW model fits better the rotation curves. The χ2min
values in the case of BEC model are outside the 1σ confidence level for HSB II
galaxies.
following criteria: (i) it has to be among the best accuracies obtained from the sample
and (ii) the bulge has to be spherically symmetric. As a check we also fitted the NFW
+ baryonic model with the same data set. The respective rotation curves are plotted
for both models on Figs. 1 and 2. The small humps on both figures are due to the
baryonic component. From the available photometric data the best fitting values were
derived for the baryonic model parameters I0,b, n, r0, rb, I
HSB
0,d h
HSB. By fitting
BEC and NFW models to the investigated rotation curve data, the parameters for
these models (as well as the corresponding baryonic parameters) were calculated. The
parameter values are indicated in Tables 1 and 2.
Both the BEC and NFW DM models give comparable χ2min values (within 1σ
confidence level) for HSB I galaxies. In case of galaxies with extended flat regions
(HSB II), the NFW DM model fits better the rotation curves, nevertheless BEC
model give rotational curves which fall outside the 1σ confidence level.
3.2. LSB galaxies
The surface brightness of LSB galaxies is substantially fainter than the brightness of
the sky at night. They belong to an earyl stage class of galaxies [84]. LSB galaxies
were found to be metal poor, which indicates a lower star formation rate than what
is generaly found in HSB galaxies [85]. Wide spectrum of colors can be measured in
case of LSB galaxies ranging from red to blue [86] and they are diverse as regards
morphologies and other properties. Most of the LSB galaxies that were observed are
dwarf galaxies, however there is also a significant number of large spirals among LSB
galaxies [87].
According to our model the LSB galaxy is made up of two main components; one
being a thin stellar+gas disk and the other one being a CDM component which is
assumed to be a BEC. We use the same model for the disk component as in the case
of the HSB galaxies. The surface brightness profile can be described by the following
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Figure 3. Best fit curves for the LSB I. galaxy sample. The solid black lines
indicates the baryonic matter + BEC model, while the dashed red lines indicates
the baryonic matter + NFW model.
equation [82]
Id(r) = I
LSB
0,d exp
(
− r
hLSB
)
,
where ILSB0,d is the central surface brightness and h
LSB the disk length scale. The
contribution of the disk to the circular velocity can be expressed as
v2d(r) =
GMLSBD
2hLSB
q2(I0K0 − I1K1), (17)
where q = r/hLSB and MLSBD is the total mass of the disk while the modified Bessel
functions In and Kn are evaluated at q/2.
Consequently, for an arbitrary projected radius r the rotational velocity can be
calculated based on the combined model resulting in the following equation
v2tg(r) = v
2
d(r) + v
2
DM .
A preliminary check confirmed that the BEC+baryonic model represents a better
fit than the purely BEC model.
We confronted the BEC model with 6 LSB galaxies chosen from a larger sample
[88]. The applied data were obtained from both HI and Hα measurements. From a
χ2-test the parameters in both the BEC+baryonic and NFW+baryonic models were
identified, these are shown in Table 3. The best fit rotation curves are represented on
Figs. 3 and 4.
For the LSB I galaxies the BEC DM model gives significantly better fitting
velocity curves (all within the 1σ confidence level) compared to the NFW model
(which in two cases out of the three gives fits falling outside 1σ). For LSB II galaxies
the quality of the fits are comparable, but in both models they are beyond the 1σ
confidence level.
3.3. Dwarf galaxies
Approximately 85% of the explored galaxies in the Local Volume [89] are dwarf
galaxies. The dwarfs are defined by having an absolute magnitude which is fainter
than MB ∼ −16 mag. On the other hand they are larger than globular clusters [90].
Although little is known about their formation, it is generally accepted that dwarfs
are formed at the centres of subhalos. Dwarf galaxies can be categorised in five groups
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Figure 4. Best fit curves for the LSB II. galaxy sample. The solid black lines
refer to the baryonic matter + BEC model, while the dashed red lines to the
baryonic matter + NFW model. As for HSB galaxies, the BEC model fails to
explain the extended flat regions of the rotation curves.
Galaxy D hLSB MLSBD (BEC) ρ
(c)
BEC RBEC χ
2
min(BEC) M
LSB
D (NFW ) ρs rs χ
2
min(NFW ) 1σ
Mpc kpc 109M⊙ 10
−21kg/m3 kpc 109M⊙ 10
−24kg/m3 kpc
DDO 189 12.6 1.9 2.71 0.38 8.3 0.519 2.16 16 70 1.09 7.03
NGC 4455 6.8 2.3 0.231 1.44 5.5 9.29 0.11 25.04 66 5.39 18.11
UGC 10310 15.6 5.2 0.443 0.98 7.8 2.66 0.9 14.9 88 5.76 13.74
NGC 2366 3.4 1.5 2.43 0.22 5.3 110.73 2.5 0.2 1000 116.93 26.72
NGC 5023 4.8 0.8 0.894 2.45 5.6 53.2 0.0449 457 13 143.08 32.05
NGC 3274 6.7 0.5 1.1 1.69 6.4 269.8 0.252 2373 4 148.44 20.27
Table 3. The best fit BEC and NFW parameters of the LSB I and II type
galaxies (the first and last three galaxies, respectively). D is taken from [88]. The
rest of the parameters are rotation curve fits. For LSB I galaxies the BEC DM
model gives significantly better fitting velocity curves (within 1σ confidence level)
than the NFW model. However the velocity curves are outside the 1σ confidence
level for LSB II galaxies.
according to their optical appearance. The five groups being dwarf ellipticals, dwarf
irregulars, dwarf spheroidals, blue compact dwarfs, and dwarf spirals. The dwarfs
falling in the last group represent the very small ends of spirals [91]. Dwarf spheroidals
are old systems and among the most DM dominated galaxies in the Universe.
The central velocity dispersion of most dwarf galaxies is in the range 6÷ 25 km/s
[92]. In a typical dwarf galaxy, assuming dynamical equilibrium, the mass derived
from the observed velocity dispersions is substantially greater than the observed total
visible mass. This implies that the mass-to-light ratio is very high compared to other
types of galaxies, hence they can greatly contribute to the understanding of DM
distribution on small scales. Dwarf galaxies allow for proving or falsifying different
alternative gravity theories [93].
We decided to use 7 dwarf galaxies for testing the BEC model. We have selected
the sample dwarf galaxies such as to ensure that sufficient high resolution rotation
curve data would be available for our study. We fitted both the BEC+baryonic and
the NFW+baryonic models, respectively, with similar baryonic components as for
the LSB galaxies. As the length scales of the stellar disks were not available for the
selected sample, they were calculated by χ2 minimization, too.
A preliminary check showed that the addition of the BEC dark matter halo to the
baryonic model improved (giving lower χ2min values) on the fit in all cases. By contrast,
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Figure 5. The best fit curves for the dwarf galaxy sample. The BEC+baryonic
model (solid black curves) gives a better fit in all cases then the NFW+baryonic
model (dashed red lines). In both cases the fit was performed with the same
baryonic model.
the NFW model was unable to improve on the purely baryonic fit in four out of seven
cases. We note that since the data does not contain the error margins, the χ2min values
are relatively high (beyond the 1σ confidence level in most cases). The best fit BEC
and NFW parameters are shown in Table 4 and the corresponding rotation curves are
represented on Fig. 5. The inclusion of the BEC DM model gives significantly (in
some cases one order of magnitude in the value of χ2) better fits compared to the case
of NFW model. This is due to the cusp avoidance in the central density profile of the
BEC model and the fact that dwarf galaxies do not exhibit extended flat regions in
their rotation curves.
4. Discussions and final remarks
We have performed a χ2-test of the BEC and NFW DM models, with the rotation
curves of 6 HSB, 6 LSB and 7 dwarf galaxy samples. For improved accuracy we also
included realistic baryonic models in every case. For the HSB galaxy sample, both the
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Galaxy hdwarf(BEC) MdwarfD (BEC) ρ
(c)
BEC RBEC χ
2
min(BEC) h
dwarf(NFW ) MdwarfD (NFW ) ρs rs χ
2
min(NFW ) 1σ
kpc 109M⊙ 10
−21kg/m3 kpc kpc 109M⊙ 10
−24kg/m3 kpc
IC 2574 1.2 0.1122 0.4 13 68.47 7.9 28.44 0 0 714.73 44.74
HoI 0.2 0.0107 3.6 1.9 95.26 0.9 0.533 0 0 241.30 20.27
HoII 1.2 0.4431 0.2 7.69 33.33 1.7 0.642 4 92 43.86 26.72
DDO 39 1.3 1.1235 0.7 10.01 69.39 4.3 7.21 43 35 69.82 17.02
DDO 53 0.2 0.0061 1.8 2.5 20.05 1.6 0.976 1 24 51.53 10.42
DDO 154 3.1 3.3502 0.2 5.8 1.48 3.2 4.52 0 0 9.40 9.30
M81dwB nor 0.9 1.023 3.7 0.7 6.19 0.7 0.705 0 0 8.4 10.42
Table 4. The best rotation curve data fit BEC+baryonic and NFW+baryonic
parameters for the dwarf galaxy sample.
rotation curve and the surface photometry data were available. Most of the rotation
curves were smooth, symmetric and uniform in quality.
The circular velocity of the investigated galaxies was decomposed into its barionic
and DM contribution: v2model(r) = v
2
baryonic + v
2
DM . For the BEC model the DM
contribution to the rotational velocity can be described as Eq. (8). Then the rotation
curves are fitted with the parameters of the baryonic and DM halo models (BEC and
NFW) using χ2 minimization method.
The analysis of the HSB I galaxies showed a remarkably good agreement for both
DM models with observations. The BEC and NFW models show similar fits. However,
the rotation curves of the HSB II type galaxies are significantly better described by
the NFW model.
It was previously known that for LSB galaxies and without including the baryonic
sector, the BEC model gave a better fit than the NFW model [60]. We additionally
found that including the baryonic component improves on the fit of [60]. Our detailed
analysis showed a significantly better performance of the BEC model for LSB type I
galaxies, while comparable fits for LSB type II galaxies were obtained. These latter
fits were however outside the 2σ confidence level.
The unsatisfactory large distance behaviour of the BEC model for both the HSB
and LSB galaxies of type II originates in the sharp cutoff of the BEC DM distribution
and clearly indicates that it would be desirable to modify the BEC model on larger
scale, also to comply with the behaviour of the universal rotation curves (URCs) at
larger radii [97].
From the above analysis of HSB and LSB galaxies it is also obvious that (while
on large distances the BEC model suffers from problems due to the sharp cutoff) close
to the core it works overall better than the NFW model. This is also supported by our
fit of both the BEC+baryonic and NFW+baryonic DM models with rotation curve
data of a sample of 7 dwarf galaxies. Since dwarf galaxies are DM dominated, they
allow for the best comparison between the various models. The results can be seen in
Fig. 5. We also note that the NFW DM improved over the pure baryonic fit in four
cases out of seven, while including the BEC component improved over the fit with the
baryonic component in all cases.
The BEC parameters were determined for all cases. The parameters ρ
(c)
BEC , RBEC
are given in Tables 2, 3, 4. The averages of the radii RDM of the BEC halos for
the HSB, LSB and dwarf galaxies are 〈RHSBBEC〉 ≈ 4.06kpc, 〈RLSBDM 〉 ≈ 6.48kpc and
〈RdwarfDM 〉 ≈ 5.94kpc, respectively. The scatter however is large, there are no universal
BEC parameters which globally fit all the galaxies, not even at 3σ confidence level.
The closer to this goal were the HSB galaxies, where 3 out of 6 had overlapping
3σ domains. Nonetheless the given values of RDM are consistent within the order of
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Figure 6. The density parameter ρ
(c)
BEC
of the BEC model is shown as function
of RBEC in the left panel, and the density parameter ρs of the NFW model is
shown as function of rs in the right panel. The HSB, LSB, dwarf galaxies are
represented by filled circles, empty triangles, and filled triangles, respectively.
magnitude with the halo radii of 59 other galaxies determined from weak lensing [101].
We represent the density parameter ρ
(c)
BEC of the BEC model as function of RBEC
in the left panel of Fig. 6, and the density parameter ρs of the NFW model as function
of rs in the right panel of Fig. 6 (four dwarf galaxies are absent, as the NFW halo
does not improve the fit over the pure baryonic case). The fitting enforces a relation
between the dark matter parameters: the characteristic density scales inversely with
the corresponding characteristic distance.
We verify the Tully-Fisher relation for the investigated galaxy sample, and present
the results on Fig. 7. Apparent B magnitudes and galaxy distances were collected
from the NASA/IPAC extragalactic database [94], and were corrected for extinction
based on Landolt standard-fields to calculate the absolute magnitudes. It is known
that the Tully-Fisher relation holds for spiral and lenticular galaxies with the same
slope (e.g [95]). A larger slope and scatter characterize the Tully-Fisher relation for the
dwarf galaxies (e.g [95, 96]). The investigated sample exactly exhibits these features.
There is a relation among the mass m of the BEC particle, its coherent scattering
length a and the radius of the DM halo RDM [10]:
m =
(
pi2~2a
GR2BEC
)1/3
≈ 6.73× 10−2 [a(fm)]1/3 [RBEC (kpc)]−2/3 eV. (18)
Axions have been proposed as the Peccei-Quinn solution to the strong CP problem [98]
and they are among the best dark matter candidates. Being bosons, they may also
form BEC. The Axion Dark Matter experiment has already established limits on the
dark matter axions [99, 100].
Assuming the BEC is formed of axions with mass of 10−6eV, the scattering lengths
for the three types of galaxies emerge as aHSB ≈ 5.4×10−14fm, aLSB ≈ 1.37×10−13fm
and adwarf ≈ 1.15 × 10−13fm. These values are consistent with the results of [101],
which are based on a statistical analysis of 61 DM dominated galaxies. The total
energy of the BEC halo is negative with these scattering lengths and particle mass,
meaning the halo is stable (see Fig. 3 of [54]).
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